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ABSTRACT
Prompt optical emission of gamma-ray bursts (GRBs) is known to have important effects on the
surrounding environment. In this paper, we study rotational disruption and alignment of dust grains by
radiative torques (RATs) induced by GRB afterglows and predict their signatures on the observational
properties of GRB afterglows. We first study grain disruption using RAdiative Torque Disruption
(RATD) mechanism and find that large grains (size > 0.1µm) within a distance of d < 40 pc from the
source can be disrupted into smaller grains. We then model the extinction curve of GRB afterglows and
find that optical-NIR extinction is rapidly decreased, and UV extinction increases due to the conversion
of large grains into smaller ones via RATD. The total-to-selective visual extinction ratio is found to
decrease from the standard value of RV ∼ 3.1 to ∼ 1.5 after disruption time tdisr . 104 s. Next, we
study grain alignment by RATs induced by GRB afterglows and model the wavelength-dependence
polarization produced by grains aligned with magnetic fields. We find that polarization degree first
increases due to enhanced alignment of small grains and then decreases when grain disruption by
RATD begins. The maximum polarization wavelength λmax decreases rapidly from the standard
value of ∼ 0.55µm to ∼ 0.15µm over alignment time of talign . 30 s due to enhanced alignment of
small grains. Finally, we found that RATD induces a significant decrease in optical/NIR extinction,
producing an optical re-brightening in the observed light curve of GRB afterglows. We show that our
theoretical predictions can explain various observational properties of GRB afterglows, including steep
extinction curves, time-variability of colors, and optical re-brightening of GRB afterglows.
Keywords: gamma-ray burst:general, dust, extinction
1. INTRODUCTION
Gamma-ray bursts (GRBs) are among the most lumi-
nous transient events in the Universe. GRBs are thought
to originate from a highly relativistic jet powered by a
central engine (black hole or a highly magnetized neu-
tron star–magnetar). During the burst (of ∼ 10 − 100
s duration for long GRBs), prompt emission from X-
ray to ultraviolet (UV)-optical wavelengths is also ob-
served. After the prompt phase, GRB afterglows are
emitted due to the interaction of relativistic jets with
the ambient medium, including radiative cooling of re-
verse shocks and then forward shocks (Meszaros & Rees
1997). GRB afterglows can last up to days and thus of-
fer an essential window to study the local environments
around GRBs, which are required to understand the pro-
genitors and emission mechanism of GRBs.
The effects of dust extinction are particularly impor-
tant for understanding the nature and progenitor of
GRBs because GRBs are expected to occur in star-
forming dusty regions (Paczyn´ski 1998). Indeed, only
about 60% of Swift GRBs are detected in optical wave-
lengths, whereas X-ray detection of GRBs is more than
95% (Gehrels et al. 2009). This leaves about 40% of op-
tical GRBs undetectable, so-called ”dark” GRBs. The
leading reason for that lies in the attenuation of opti-
cal photons by intervening dust (see Draine & Hao 2002
and reference therein).
GRB afterglows also offer a unique probe to study gas
and dust properties in the interstellar medium (ISM) of
high-redshift galaxies (i.e., z > 2) due to their stable,
highest intrinsic luminosity (see Schady 2017 and refer-
ence therein). Observations show that the wavelength-
dependent extinction (extinction curve) toward individ-
ual GRBs is described by a Small Magellanic Cloud
(SMC)-like with a steep far-UV rise, which suggest pre-
dominance of small grains in the local environment (e.g.,
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Schady et al. 2012; Heintz et al. 2017; Zafar et al. 2018).
The question how small grains are predominant in the
local environment of GRBs is still unknown. Similar to
type Ia supernovae (SNe Ia), we expect intense radiation
from GRBs would have important effect on surrounding
dust (Hoang et al. 2019).
The effect of prompt optical-UV emission from GRBs
on surrounding dust was first studied by Waxman &
Draine (2000), where the authors found that dust grains
within 10 pc can be sublimated within 10 s from the
burst. Later, Fruchter et al. (2001) studied dust de-
struction by grain heating and charging (i.e., Coulomb
explosions) due to X-rays, where the latter mechanism is
found to be more efficient. However, the effect of grain-
size dependence of photoelectric yield by X-rays (Wein-
gartner et al. 2006; Hoang et al. 2015b) is not considered
in Fruchter et al. (2001). Detailed modeling of the time-
dependent dust extinction due to the thermal sublima-
tion and ion-field emission by the optical-UV flash (i.e.,
prompt emission) was presented in Perna et al. (2003),
where the authors found that dust extinction decreases
significantly by t ∼ 10 s from the start of the burst.
Early-time observations of GRB afterglows (e.g., GRB
111209A by Stratta et al. (2013), GRB 120119A by Mor-
gan et al. (2014)) show a significant red-to-blue color
change within ∼ 200 − 500 s after the prompt emis-
sion phase. Moreover, Morgan et al. (2014) found a
significant decrease of visual extinction AV over a time
period of t ∼ 10 − 100 s, which is proposed as a first
evidence of dust destruction toward GRB 120119A. In
particular, late-time observations usually reveal a re-
brightening in optical-NIR light curves of GRB after-
glows (Greiner et al. 2013; Nardini et al. 2014; Melandri
et al. 2017; Kann et al. 2018). The origin of such an
optical re-brightening remains elusive (see e.g., Nardini
el al. 2011). This feature can originate from intrinsic
processes related to the central engine of GRBs, external
shocks due to interaction of relativistic jet with ambi-
ent medium (see e.g., Berger et al. 2003; Melandri et al.
2017), or from varying-dust reddening due to dust de-
struction (Draine, & Salpeter 1979; Waxman & Draine
2000).
Very recently, Hoang et al. (2019) discovered a new
dust destruction mechanism called RAdiative Torque
Disruption (RATD). The RATD mechanism, which is
based on the centrifugal force within rapidly spinning
grains spun-up by radiative torques (Draine, & Wein-
gartner 1996; Lazarian, & Hoang 2007; Hoang, & Lazar-
ian 2009a), can break a large grain into numerous
smaller fragments and require lower radiation intensity
than sublimation to be effective. As a result, we expect
that the long UV-optical afterglows (up to 105 s) after
the UV flash can disrupt grains at much later times and
farther distances from the central source than prevalent
mechanisms. Therefore, the first goal of this paper is
to quantify the effect of GRB afterglows on the disrup-
tion of dust grains in the surrounding environment and
model the time-dependent dust extinction toward GRB
afterglows.
Polarimetry is a powerful tool to study the emission
mechanism and the geometry of GRB engines. Con-
straining the geometry of GRB progenitors is partic-
ularly important for gravitational wave (GW) astro-
physics because GWs are expected to arise from the
asymmetric collapse of the iron core of massive stars.
Yet, a critical challenge is that the intrinsic polariza-
tion of GRB afterglows is uncertain, depending on the
geometry and magnetic fields, whereas foreground po-
larization by circumstellar and interstellar dust in the
host galaxy may be dominant. Moreover, numerous ob-
servations show time-variation of optical polarization of
GRB afterglows (e.g., Barth et al. 2003), which is ex-
plained by means of varying- magnetic fields in the jet
(see Laskar et al. 2019 for a review). However, as found
in Giang et al. (2019) for SNe Ia, we expect that dust
polarization due to alignment of dust grains by GRB
afterglows would vary with time, which challenges the
standard explanation based on the variation of the mag-
netic fields. Therefore, our second goal is to employ the
popular theory of grain alignment and perform detailed
modeling of dust polarization arising from grains aligned
by GRB afterglows.
The structure of this paper is as follows. We will
briefly describe the time-varying luminosity of GRB
afterglows and the disruption mechanism in Section
2. In Sections 3 and 4, we present our modeling of
time-variation extinction and polarization of GRB after-
glows due to grain alignment and disruption by radiative
torques. In Section 5, we study the effect of grain disrup-
tion by RATD mechanism on the observed light curve
of GRB afterglows. An extended discussion, including
comparison of our theoretical results with observational
properties of GRB afterglows, is presented in Sections
6. A summary of our main results is given in Section 7.
2. RADIATIVE TORQUE DISRUPTION OF
GRAINS BY GRB AFTERGLOWS
2.1. Time-dependent luminosity of GRB afterglows
The luminosity of GRB afterglows due to the reverse
shock (RS) can be described by Draine & Hao (2002):
(νLν)RS = L0
(t/t0)
αRS
(1 + (t/t0)αRS)2
(
hν
13.6 eV
)1+β
, (1)
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where αRS is the RS slope, the spectra index β ∼ −0.5
is usually adopted, L0 is the UV-optical luminosity flash
at the observed peak brightness t0. For GRB 190114C,
αRS = 1.5, L0 is normalized to ∼ 2.04×1050 erg s−1 with
a typical observed peak brightness of t0 = 10 s (Laskar
et al. 2019). For t  t0, νLν ∝ t−1.5. It can be seen
that even at t ∼ 103t0 = 104 s ∼ 3 hr, the luminosity at
wavelength ν still has very high value of νLν ∼ 1011L.
By accounting for the emission by radiative cooling
of the forward shock (FS), the luminosity follows a less
steep function of time (Laskar et al. 2019; Fraija et al.
2019). Therefore, we adopt a function with a shallow
slope (Fraija et al. 2019):
(νLν)FS = LFS
(
t
t0
)αFS ( hν
13.6 eV
)1+β
, (2)
where αFS is the slope for the FS stage, LFS is the lu-
minosity at a transient phase from RS to FS emission.
We adopt αFS = −0.8 for GRB 190114C (Laskar et al.
2019) and get LFS = 9.6 × 1048 ergs−1 at the transient
time of t = 1000 s or 0.01 day for the case of t0 = 10 s.
The bolometric luminosity of GRB afterglows can be
evaluated as:
Lbol =
∫ 13.6 eV
1 eV
Lνdν. (3)
The mean wavelength of the GRB afterglow radiation
spectrum can be estimated as:
λ¯ =
∫ 13.6 eV
1 eV
λLλdλ∫ 13.6 eV
1 eV
Lλdλ
. (4)
Using λLλ = νLν ∝ ν1+β = c1+β/λ1+β (see Eqs 1
and 2), one obtains
λ¯ =
∫ 13.6 eV
1 eV
λ−(β+1)dλ∫ 13.6 eV
1 eV
λ−(β+2)dλ
=
β + 1
β
λ−β
λ−β−1
∣∣∣∣∣
λup
λlow
,
where λlow = 0.091µm and λup = 1.24µm.
Therefore, the mean wavelength becomes
λ¯ =
β + 1
β
λ−βup − λ−βlow
λ−β−1up − λ−β−1low
,
which yields λ¯ = 0.336µm for β = −0.5.
2.2. The RATD mechanism
A dust grain of irregular shape exposed to an
anisotropic radiation field experiences radiative torques
(Dolginov, & Mitrofanov 1976; Draine, & Weingartner
1996). An analytical of RAdiative Torques (RATs) is
developed by Lazarian, & Hoang (2007), and numerical
calculations of RATs for many irregular shapes are pre-
sented by Herranen et al. (2019). Experimental test of
spin-up by RATs was conducted in Abbas et al. 2004.
Hoang et al. (2019) discovered that, in an intense radia-
tion field, the grain rotation rate driven by RATs can be
sufficiently large such that induced centrifugal force can
disrupt the grain into small fragments, and we termed
this mechanism RAdiative Torque Disruption (RATD).
A detailed description of the RATD mechanism is pre-
sented in Hoang et al. (2019), and its application for type
Ia supernovae (SNe Ia) is shown in Giang et al. (2019).
Here we only briefly describe the RATD mechanism for
the reference.
Let a be the effective grain size defined as the radius
of an equivalent spherical grain that has the same vol-
ume with an irregular grain. The angular velocity of
irregular grains spun-up by RATs is obtained by solving
the equation of motion (Hoang et al. 2019):
Idω
dt
= ΓRAT − Iω
τdamp
, (5)
where I = 8piρa5/15 is the grain inertia moment with ρ
the mass density of grain material, the radiative torque
ΓRAT is a function of time because of the time-varying
luminosity of GRB afterglows, and τdamp is the char-
acteristic timescale of grain rotational damping induced
by gas-grain collisions and IR emission (see Hoang et al.
2019 for details).
A dust grain spinning at angular velocity ω is dis-
rupted when induced centrifugal stress S = ρa2ω2/4 ex-
ceeds the maximum tensile strength of grain’s material,
Smax. The value of Smax depends on the grain mate-
rial, internal structure, and perhaps grain size. It can
vary from Smax = 10
11 erg cm−3 for ideal materials, i.e.,
diamond (Draine, & Salpeter 1979; Burke & Silk 1974)
to Smax ∼ 109 − 1010 erg cm−3 for polycrystalline bulk
solid (Hoang et al. 2019) and Smax ∼ 106−108 erg cm−3
for composite grains (Hoang 2019). In this paper, we
take Smax = 10
7 erg cm−3 as a typical value for large
grains. Then, the critical angular velocity at which ro-
tational disruption occurs is obtained by setting S equal
to Smax, which yields:
ωdisr =
2
a
(
Smax
ρ
)1/2
' 3.65× 108a−1−5ρˆ−1/2S1/2max,7 rad s−1, (6)
where a−5 = a/(10−5 cm), ρˆ = ρ/(3 g cm−3), and
Smax,7 = Smax/(10
7 erg cm−3).
One can see that for the same density and maximum
tensile strength, small grains always need to be spun-
up to a higher critical speed than large grains in order
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to be disrupted by RATD. For example, for Smax =
107 erg cm−3, grains of a ∼ 0.25µm are disrupted when
ω & 1.46 × 108 rad/s, but small grains of a ∼ 0.01µm
must be spun-up to ω & 3.65 × 109 rad/s. Besides,
stronger grains with higher Smax are more difficult to
disrupt than weak grains with lower Smax. For instance,
the value of ωdisr must be increased to 1.46× 109 rad/s
and 3.65×1010 rad/s for grains of 0.25µm and 0.01µm,
respectively, assuming Smax = 10
9 erg cm−3.
Let U = urad/uISRF be the strength of a radiation field
with uISRF = 8.64 × 10−13 erg cm−3 the energy density
of the average interstellar radiation field (ISRF) in the
solar neighborhood (Mathis et al. 1983). For strong ra-
diation fields of U  1, damping of grain rotation is
dominated by IR emission, and the gas damping can be
disregarded (see Hoang et al. 2019 for details). Thus, the
critical size of rotational disruption, adisr, can be given
by an analytical formulae (Hoang et al. 2019; Hoang
2019):
(
adisr
0.1 µm
)2.7
'2× 10−4γ−1λ¯1.70.5U−1/310 S1/2max,7, (7)
where γ is the anisotropy degree of the radiation field
(0 ≤ γ ≤ 1), λ¯0.5 = λ¯/(0.5µm), U10 = U/(1010). The
above equation is valid for adisr . λ¯/1.8. We also dis-
regard the potential existence of very large grains (size
a & 1µm) in the surrounding environment, so RATD
can disrupt all grains above adisr.
One can see that the grain disruption size increases
with distance because of the decrease of the radiation en-
ergy density as urad ∝ 1/d2. For an UV-optical flash of
luminosity Lbol ∼ 1050 erg s−1 ∼ 1016L, the radiation
strength is U ∼ 1013d−2pc with dpc the distance given in
units of parsec. For weak grains of Smax = 10
7 erg cm−3,
Equation (7) yields adisr = 0.0025µm for d = 10 pc and
adisr ∼ 0.045µm for d = 100 pc. For stronger grains
of Smax = 10
9 erg cm−3, the disruption size increases to
adisr = 0.006µm and 0.01µm at these distances. In real-
istic situations, the luminosity of GRB afterglows varies
with time, as given by Equations (1) and (2). Thus, the
disruption size will be obtained by numerically solving
the equation of motion (Eq. 5) instead of using Equation
(7).
The disruption time for grains of size adisr can be de-
fined as the time required to spin-up the grains to ωdisr:
tdisr =
Iωdisr
dJ/dt
=
Iωdisr
ΓRAT
' 318ρˆ1/2λ¯1.70.5
(
adisr
0.1 µm
)−0.7
×S1/2max,7 (γU10)−1 s. (8)
Equation (8) follows that large grains of a = 0.25µm
at distance d can be disrupted after disruption time of
tdisr = 0.085d
2
pcS
1/2
max,7 s. For weak grains of Smax =
107 erg cm−3, the disruption time is tdisr ∼ 8.5 s at d =
10 pc and ∼ 4 min at 50 pc. For strong grains of Smax ∼
109 erg cm−3, the disruption time increases to tdisr ∼ 1.5
min and ∼ 36 min at d = 10 and 50 pc, respectively.
3. EXTINCTION OF GRB AFTERGLOWS
In this section, we study the effect of RATD on the
extinction of GRB afterglows for an optically thin en-
vironment. Thus, all dust grains are exposed to the
intrinsic radiation of GRB afterglows.
3.1. Grain disruption size
To find the grain disruption size adisr for a variable
source like GRB afterglows, we solve Equation (5) to
obtain the temporal angular velocity ω(t) for a range of
grain sizes using the luminosity Lbol given by Equations
(1) and (2). We then compare ω(t) with the critical an-
gular velocity of disruption given by Equation (6) to ob-
tain adisr. The disruption time tdisr is also determined.
Figure 1 (upper panel) shows the grain disruption size
due to the RATD effect as a function of cloud distance
at the different time, assuming Smax = 10
7 erg cm−3 and
t0 = 10 s. For a given time, the grain disruption size
increases with the distance due to the decrease of urad
with distance as d−2. Beyond some distance where the
energy density becomes insufficiently large to disrupt
large grains, we set the grain disruption size adisr to
the popular upper limit of the grain size distribution in
the interstellar medium of 0.25µm (Mathis et al. 1977).
The distance at which RATD ceases due to the decrease
of radiation energy density is called disruption distance,
which defines the active region of RATD. As shown, the
disruption distance increases with time, i.e., the curve
shifts to larger distances (see vertical dotted lines).
Figure 1 (lower panel) shows the time-variation of
grain disruption size for clouds at various distances, us-
ing the same value of Smax and t0 as in the upper panel.
For a given cloud distance, the disruption size decreases
with the irradiation time then cease after a long time.
This arises from the fact that large grains that receive
stronger RATs can be driven to ωdisr faster than smaller
ones. For a dust cloud at d = 11 pc, grain disrup-
tion begins at tdisr ∼ 10 s, at which adisr starts to de-
crease from the original value to very small grains of
size adisr ∼ 0.005µm after 5 hr. At larger distances of
d = 15 and 25 pc, grain disruption starts later and the
disruption size achieves adisr ∼ 0.015µm and 0.06µm
at t ∼ 5 hours, respectively. At distance d = 35 pc,
grain disruption only occurs after t ∼ 5.2 hr, and the
disruption occurs for large grains of a > adisr ∼ 0.1µm
only.
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Figure 1. Upper panel: grain disruption size by RATD as
a function of dust cloud distance at different times since the
GRB. Lower panel: variation of grain disruption size with
time for different cloud distances from 11 pc to 35 pc. The
vertical dotted lines indicate the disruption distance (upper
panel) and the disruption time (lower panel). Here the max-
imum tensile strength Smax = 10
7 erg cm−3 and the peak
luminosity of GRB afterglows at t0 = 10 s are assumed.
Figure 2 (upper panel) shows the grain disruption size
after one day for different cloud distances, assuming t0 =
10 s and different values of Smax. The active region of
RATD reduces from 40 pc for weak grains of Smax =
107 erg cm−3 to 25 pc for Smax = 108 erg cm−3 and ∼
10 − 13 pc for Smax ≥ 109 erg cm−3. This arises from
the fact that rotational disruption depends closely on the
tensile strength of grain materials as shown by Equation
(6).
Figure 2 (lower panel) shows the grain disruption size
versus time for clouds at 15 pc, assuming Smax = 10
7 −
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Figure 2. Same as Figure 1 but for the different values
of Smax. The upper panel shows grain disruption size after
one day, and the lower panel shows the results for clouds at
distance of 15 pc.
109 erg cm−3. Grains with higher Smax begin to be dis-
rupted by RATD later compared to weak grains of lower
Smax. For instance, grains with Smax = 10
7 erg cm−3 be-
gin the disruption after tdisr = 10 s and get the grain
disruption size of adisr = 0.01µm after one day. How-
ever, the disruption time increases to tdisr = 15 s and
adisr = 0.05µm for grains with Smax = 10
8 erg cm−3.
Figure 3 shows the variation of grain disruption size
over time for the different values of t0, assuming Smax =
107 erg cm−3 and cloud distance d = 15 pc. The grain
disruption occurs earlier if the luminosity peaks earlier
(smaller t0), which arises from the decreases of the lu-
minosity with peak time as Lbol ∝ 1/t0 (see Equation
(1). For example, with t0 = 10 s, grains of a = 0.25µm
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Figure 3. Variation of grain disruption size by RATD with
time for the different peak luminosity times t0, assuming a
dust cloud at d = 15 pc and Smax = 10
7 erg cm−3. RATD
occurs earlier (see vertical lines) and adisr can achieve smaller
values for smaller t0.
will be disrupted after tdisr = 15 s, and one obtains
adisr = 0.02µm at 1000 s. However, for t0 = 30 s, the
0.25µm grains are disrupted at tdisr ∼ 1 minutes, and
adisr = 0.04µm at 1000 s.
3.2. Extinction curves
To model the extinction of GRB afterglows by inter-
vening dust, we adopt a popular mixed-dust model con-
sisting of astronomical silicate and carbonaceous grains
(see Weingartner & Draine 2001; Draine & Li 2007).
The extinction of GRB afterglows induced by ran-
domly oriented grains in units of magnitude is given by:
A(λ)
NH
=
∑
j=sil,carb
1.086
∫ amax
amin
Cjext(a)
(
1
nH
dnj
da
)
da, (9)
where a is the effective grain size, dnj/da is the grain
size distribution of dust component j, Cext is the ex-
tinction cross-section taken from Hoang et al. (2013),
assuming oblate spheroidal grains with axial ratio r =
2, and NH is the total column density of hydrogen
along the line of sight. Here, the maximum grain size
amax = min(adisr, amax,MRN) is the upper cutoff of the
grain size distribution in the presence of RATD, and
amax,MRN = 0.25µm is the upper cutoff of MRN distri-
bution (Mathis et al. 1977).
Due to the RATD effect, dust extinction given by
Equation (9) is time-dependent because adisr and then
dn/da change with time. In order to get insights into the
effect of RATD on the time-varying extinction of GRB
afterglows, we consider a single slab model, such that
the small variation of adisr within the dust cloud can be
ignored. Nevertheless, in realistic situations, there may
exist several dust clouds between the observer and the
GRB afterglow, which is discussed in Section 6.
To model the grain size distribution modified by
RATD, we adopt a power law dnj/da = CjnHa
η with
Cj the normalization constant of dust component j and
η the power law slope (Mathis et al. 1977). For the
standard grain size distribution (Mathis et al. 1977),
one has Csil = 10
−25.11 cm−2.5 for silicate grains and
Ccarb = 10
−25.13 cm−2.5 for carbonaceous grains and
η = −3.5. To account for the grain size distribution
function modified by RATD, we fix the normalization
constant C and change the slope η. Such a new slope
α is determined by the dust mass conservation as given
by (see Giang et al. 2019 for more details):∫ amax
amin
a3aηda =
∫ amax,MRN
amin
a3a−3.5da, (10)
which yields
a4+ηdisr − a4+ηmin
4 + η
=
a0.5max,MRN − a0.5min
0.5
. (11)
10−1 100
wavelength,λ(µm)
10−22
10−21
A
(λ)
/N
H time=0
time
time=0
time
Extinction variation
due to disruption
Figure 4. A schematic illustration of the time-variation
of the extinction curve as a result of RATD. Optical-NIR
extinction decreases while UV extinction increases with time
due to RATD.
Figure 4 illustrates the time-variation of the extinc-
tion curve when the grain size distribution is modified
by RATD. The optical to near-infrared (NIR) extinc-
tion is seen to decrease gradually with time due to the
removal of large grains by RATD. In contrast, ultravi-
olet (UV) extinction increases due to the enhancement
in the abundance of small grains with respect to larger
ones.
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Figure 5. Variation of A(λ, t)/A(λ, 0) at different bands
with time for dust clouds at 15 pc (upper panel), 25 pc (mid-
dle panel) and 35 pc (lower panel) from the radiation source.
Dust extinction in all bands start to change when RATD
begins at t = tdisr (marked by vertical dotted lines). Grain
disruption decreases rapidly extinction in UV bands, but in-
creases extinction in MUV and FUV bands.
Figure 5 shows the variation of A(λ, t)/A(λ, 0) with
time from far-ultraviolet (FUV) through optical to
(NIR) bands for grains located at distances between
11 pc to 35 pc from the source,1 assuming Smax =
107 erg cm−3 and t0 = 10 s. We choose the central wave-
length of the UV range, such as λ = 0.15µm for far-UV
(FUV) band, λ = 0.25µm for mid-UV (MUV) band and
λ = 0.3µm for near-UV (NUV) band, to study the effect
of RATD on the UV extinction.
Figure 5 shows that dust extinction remains constant
for t ≤ tdisr (before RATD), and changes significantly
with time after RATD occurs. One can see that optical-
NIR extinction decreases immediately to smaller values
because of the quick removal of large grains of size a ≥
0.1µm by RATD. In contrast, the extinction value in
other bands (i.e., U, B and UV bands), first increases
due to the enhancement of small grains then decreases
later when these small grains are again fragmented into
smaller ones. Dust extinction in all bands reaches a
saturated value after a long time when RATD ceases.
For example, at d = 15 pc, A(λ) stops to change from
∼ 200 s to one day, which corresponds to the period that
adisr only decreases from 0.02µm to 0.01µm (see Figure
1, lower panel). For more distant clouds, the variation of
dust extinction begins at later times due to larger tdisr.
For instance, the extinction begin to change after tdisr
= 13 s, 40 s, and 9 minutes for d = 15, 25 and 35 pc,
respectively.
3.3. Time-variability of E(B − V ) and RV
Using A(λ, t) obtained in the previous section, we
can calculate the color excess E(B − V, t) = AB − AV
and the total-to-selective visual extinction ratio RV =
AV/E(B − V, t). Here AV and AB are dust extinction
at V and B bands at time t.
Figure 6 shows the variation of E(B − V, t)/E(B −
B, t = 0) with time for different cloud distances from
11 pc to 35 pc, assuming Smax = 10
7 erg cm−3 (up-
per panel) and Smax = 10
8 erg cm−3 (lower panel) and
t0 = 10 s. For a given cloud distance, the color ex-
cess remains constant until grain disruption begins at
t ∼ tdisr. Subsequently, the ratio increases rapidly and
then decreases to a saturated level when RATD ceases.
For example, at distance d = 11 pc, the color excess
starts to rise at t ∼ 8.6 s and declines again to the satu-
rated value at t ∼ 10 min. The rising stage of E(B−V )
is caused by the increase of AB when grain disruption
just starts that converts largest grains into smaller ones.
1 Here we start with clouds from 11 pc because thermal sublimation
induced by prompt GRB emission can clear out all grains within
10 pc (Waxman & Draine 2000).
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Figure 6. Variation of color excess E(B−V, t)/E(B−V, 0)
with time for different cloud distances, assuming Smax =
107 erg cm−3 (upper panel) and 108 erg cm−3 (lower panel).
The color excess begins to rise rapidly when grain disruption
just starts at t ∼ tdisr (marked by vertical dotted lines) and
then decreases gradually with time.
Soon after that, these small grains are further disrupted
into smaller fragments, both AB and AV decrease (see
Figure 4), resulting in the decrease of E(B − V, t) with
time. Higher tensile strength delays the grain disrup-
tion and then the variation of the color excess (see lower
panel). For instance, the time-variation of E(B − V )
for d ∼ 15 − 25 pc increases from 13 − 561 s for grains
with Smax = 10
7 erg cm−3 to 56 − 840 s for grains with
Smax = 10
8 erg cm−3.
We note that the amplitude of the E(B − V, t) vari-
ation is within ∼ 40%, which is different from a large
change of AV up to 80% (Figure 5). This arises from
the fact that grain disruption by RATD gradually mod-
ifies the grain size distribution.
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Figure 7. Upper panel: variation of total-to-selective visual
extinction ratio RV with time for different cloud distances
from 11 pc to 35 pc, assuming Smax = 10
7 erg cm−3. Lower
panel: variation of RV with time for dust clouds at 15 pc,
assuming different values of Smax. Disruption of grains with
Smax ≤ 108 erg cm−3 decreases RV with time, but stronger
grains of Smax ≥ 109 erg cm−3 are not disrupted at this dis-
tance and RV remains constant.
Figure 7 (upper panel) shows the variation of RV with
time for different cloud distances from 11 pc to 35 pc,
assuming Smax = 10
7 erg cm−3 and t0 = 10 s. For a
given distance, one can see that RV begins to decrease
rapidly from its original value of 3.1 given by standard
dust in ISM at t = tdisr < 10 min to smaller values of
RV ∼ 0.5 − 1.5 due to RATD. The final values RV is
larger for grains located further away from the source.
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Figure 7 (lower panel) shows the time-variation of RV
during one day for clouds at 15 pc and different tensile
strengths. The value of RV decreases quickly with time
for weak grains of Smax = 10
7 erg cm−3 and Smax =
108 erg cm−3, but RV does not change for strong grains
of Smax ≥ 109 erg cm−3.
4. POLARIZATION OF GRB AFTERGLOWS
4.1. Grain alignment size
Following the RAdiative Torque (RAT) mechanism
(see Andersson et al. 2015 and Lazarian et al. 2015 for
recent reviews), dust grains subject to the GRB after-
glow can be aligned with the ambient magnetic field
when they can keep its orientation in the radiation field
by being spun-up to the suprathermal speed.2 The
suprathermal rotation condition is approximately given
by (Hoang, & Lazarian 2008; Hoang & Lazarian 2016):
ωRAT ≥ 3ωT , (12)
where ωT is the thermal angular velocity of dust grains
at gas temperature Tgas:
ωT =
√
2kTgas
I
(13)
' 2.3× 105ρˆ−1/2a−5/2−5
(
Tgas
100 K
)1/2
rad s−1,
where k is the Boltzmann constant.
For a given cloud with gas temperature Tgas, small
grains have a higher suprathermal threshold than large
grains. As a result, they require higher radiation energy
(i.e., closer clouds) to be efficiently aligned by RATs.
Based on Equation (12), the grain size at ωRAT =
3ωT is defined as the critical size of grain alignment,
aalign. All grains larger than aalign are assumed to be
perfectly aligned (Hoang & Lazarian 2016). Following
Hoang (2017), the grain alignment size is given by:(
aalign
0.1µm
)4.2
'1.4× 10−5ρˆ−1/2γ−1λ¯1.70.5U−1/36
×
(
Tgas
100 K
)1/2
, (14)
where the dominance of IR damping over gas damping
is used, which is valid for the intense radiation field of
GRB afterglows. Above, we disregard the dependence of
the rotation rate spun-up by RATs on the angle between
2 Grains may be aligned with the long axis perpendicular to the ra-
diation direction in the intense radiation field (Lazarian, & Hoang
2007). However, here we stick to the traditional mechanism of
grain alignment with the magnetic field.
the radiation direction and the magnetic field (Hoang,
& Lazarian 2009b). Accounting for that effect would re-
duce the value of ωRAT and aalign would become larger.
However, the time-variability of aalign would not change
significantly because it is determined by the varying lu-
minosity of GRBs.
With the same assumption of GRB afterglows in Sec-
tion 2, one can find that the grain alignment size in-
creases with increasing cloud distance and gas temper-
ature. For instance, the grain alignment size will be
aalign = 0.0023µm, 0.003µm and 0.0034µm for cloud
at 10 pc, 50 pc, and 100 pc, respectively, assuming
Tgas = 100 K. It will increase to aalign = 0.0029µm,
0.0037µm and 0.0042µm, respectively for Tgas = 500
K.
Initially (t = 0 s), grains are aligned by the average
interstellar radiation field (γ = 0.1 and U = 1) with
aalign ∼ 0.051µm (see e.g., Eq.14). The alignment time
talign is defined as the time required for grains to be
spun-up to suprathermal rotation intense radiation field
of GRB afterglows (Hoang 2017: Giang et al. 2019):
talign =
3IωT
dJ/dt
' 0.6ρˆ1/2
(
Tgas
100 K
)1/2(
aalign
0.1µm
)−2.2
×
(
λ¯1.70.5
γU10
)
s. (15)
We obtain the alignment time of talign '
0.0012d2pc(Tgas/100 K)
1/2 s, which is very short for
grains at d ∼ 1 pc from the source. For different clouds
at 10 pc, 50 pc and 100 pc, we get talign = 0.1213 s, 3.4
s and 13 s, respectively if clouds has Tgas = 100 K. For
higher gas temperature Tgas = 500 K, talign increases to
0.3 s, 7.5 s and 30 s. However, we note that these cal-
culations above assume the constant luminosity of GRB
afterglows, which overestimates the value of aalign and
talign than the real case due to the time-varying lumi-
nosity of GRBs. From Equations (15) and (8), it follows
that the alignment time is much smaller than the dis-
ruption time. This is obvious because RAT alignment
can occur at rotation rates much lower than RATD.
Figure 8 shows the variation of the grain alignment
size aalign during the first day for different cloud dis-
tances from 11 pc to 35 pc, assuming Tgas = 100 K.
The alignment size first remains constant at aalign ≈
0.055µm given by the alignment of the average inter-
stellar radiation until talign. After that, it decreases
rapidly to smaller values until t ∼ 100 s and then slows
down later due to the decrease of the radiation inten-
sity. For more distant clouds, talign becomes larger and
aalign starts to decrease later due to a lower radiation in-
tensity. For example, the alignment time increases from
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Figure 8. Variation of grain alignment size induced by
RATs from GRB afterglows with time for different cloud
distances from 11 pc to 35 pc, assuming gas temperature
Tgas = 100 K. Alignment sizes rapidly decreases with time
due to increasing rotation rate from RATs.
∼ 1.33 s for grains at 11 pc to ∼ 3 s for grains at 35
pc. Also, after one day, RATs can align small grains of
a ∼ 0.003µm and 0.006µm for the two above distances,
respectively.
4.2. Polarization curves
Observations (Chiar et al. 2006) and theoretical stud-
ies (Hoang & Lazarian 2016) reveal that carbonaceous
grains are unlikely aligned with the ambient magnetic
field due to their diamagnetic properties (see Lazarian
et al. 2015 for a review). Therefore, we assume that
carbonaceous grains are randomly oriented, and only
silicate grains can be aligned by RATs. The degree of
polarization (in the unit of %) of an GRB afterglow in-
duced by differential extinction by aligned grains along
the line of sight is computed by
P (λ)
NH
= 100
∫ amax
amin
1
2
Csilpol(a)f(a) cos
2 ζ
(
1
nH
dnsil
da
)
da,(16)
where Csilpol is the polarization cross-section, f(a) is the
effective degree of grain alignment for silicate grains of
size a (hereafter alignment function), and ζ is the angle
between the magnetic field and the plane of the sky (see
Hoang 2017). We take Cpol computed for different grain
sizes and wavelengths from Hoang et al. (2013).
We model the size-dependence degree of grain align-
ment by RATs as follows:
f(a) = 1− exp
[
−
(
0.5a
aalign
)3]
, (17)
where aalign is given by Equation (14) (Hoang & Lazar-
ian 2014; Hoang et al. 2015a). This alignment func-
tion returns f(a) = 1 (i.e., the perfect alignment) for
large grains of size a  aalign and approximates the
size-dependence alignment degree computed from sim-
ulations for grains with enhanced magnetic suscepti-
bility by Hoang & Lazarian (2016). Here we take
amax = min(adisr, amax,MRN) and dn/da as used for dust
extinction.
Above, we have assumed that small grains (i.e., a <
0.05µm) can be perfectly aligned with the magnetic
field if they can be spun-up to suprathermal rotation
by RATs. However, such small grains may not have
iron inclusions (Mathis 1986), and the degree of grain
alignment induced by only RATs for ordinary paramag-
netic grains may not be perfect if RAT alignment lacks
high-J attractor points (Hoang & Lazarian 2016). Due
to uncertainty in magnetic properties of dust grains, our
theoretical predictions in this section are considered up-
per limit of dust polarization.
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Figure 9. A schematic illustration for the variation of
the polarization curve due to RAT alignment and RATD.
The polarization degree at short wavelengths (UV) increases
with time due to enhanced alignment of small grains, while
optical-NIR polarization decreases due to the removal of
large grains by RATD.
Figure 9 illustrates the general variation of the polar-
ization curve with time as a result of RAT alignment
and RATD. As soon as the alignment by RATs starts to
occur, the degree of polarization increases and the peak
wavelength shifts to shorter wavelengths due to an en-
hanced alignment of small grains. When RATD begins,
the optical-NIR polarization is significantly reduced but
UV polarization increases due to the conversion of large
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grains into small grains. As a result, the polarization
curve will narrow with time.
Figure 10 shows the time variation of the polarization
degree of GRB afterglows, P (λ, t)/P (λ, 0), evaluated in
the different bands for three dust cloud distances, as-
suming Tgas = 100 K. After the alignment time, the
polarization degree in all bands increases significantly
due to the decrease of aalign as a result of the enhanced
radiation field, then mostly saturates after about t . 30
s. After that, the disruption happens (see Figure 7,
lower panel) that makes the optical/NIR polarization
degree start to decline rapidly, but the UV polariza-
tion continues to rise due to the enhancement of small
aligned grains and can decrease slightly later if its suit-
able grain size is removed, i.e., the case of UV polariza-
tion degree given by grains at 15 pc. All variations will
stabilize when the grain disruption size reaches its sat-
urated value after a long time. A distant cloud makes
the polarization curve change its phase later, i.e., longer
talign and tdisr, and vary P (λ) in the small range than
a nearby cloud. For example, the phase that grains are
only aligned by RATs lasts from talign = 13 s for clouds
at 15 pc to near one minute and two hours for clouds at
25 pc and 35 pc. Besides, after one day, the polarization
degree in R band only decreases 3− 10 times for grains
at 25 pc and 35 pc, but it is ∼ 25 times for grains at 15
pc.
Figure 11 shows the variation of the maximum polar-
ization wavelength λmax during one day for grains at dif-
ferent distances and the comparison of λmax with (solid
line) and without (dashed line) the grain disruption pro-
cess for clouds at 15 pc. The peak wavelength remains
constant at λmax = 0.55µm due to grains aligned by
an average interstellar radiation field from t = 0 s to
talign. Beyond that, it decreases suddenly due to the
enhanced alignment of small grains (i.e., smaller aalign;
see Figure 8) and continues to change slowly when the
disruption begins, i.e., the solid and dashed line of the
λmax(t) line for cloud at 15 pc (see Figure 9). For a dis-
tant cloud, λmax decreases later and gives a higher value
than ones given by a nearby cloud due to a weaker ra-
diation strength (Figure 10).
5. EFFECT OF RATD ON THE LIGHT CURVES
OF GRB AFTERGLOWS
As shown in Section 3, RATD increases dust extinc-
tion in FUV-NUV bands but decreases dust extinction
in optical-NIR bands due to the conversion of large
grains into smaller ones. Such a variation of dust ex-
tinction by RATD would change the observed spectrum
of GRB afterglows as well as their light curves. In this
section, we apply the new extinction curves in the pres-
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Figure 10. Same as Figure 5 but for dust polarization by
aligned grains, assuming Tgas = 100 K. P (λ) first changes
since alignment time talign when the radiation field from GRB
afterglows dominate in grain alignment then second changes
after the disruption time tdisr due to the removal of large
grains. At 15 pc, the polarization in U bands first increases
up to 20 s due to increasing grain alignment by RATs then
decreases rapidly due to disruption of large grains. In con-
trast, the polarization from FUV to NUV continues to rise.
12 Hoang, Giang and Tram
100 101 102 103 104 105
time (seconds)
0.1
0.2
0.3
0.4
0.5
m
ax
 (
m
)
With dust disruption
No dust disruption
11 pc
15 pc
25 pc
35 pc
Figure 11. Time-variation of maximum polarization wave-
length λmax for grains at distance from 11 pc to 35 pc with
RATD (solid line) and without RATD (dashed line), assum-
ing Tgas = 100 K.
ence of RATD to study how it affects the observed light
curve of GRB afterglows.
Let τ(λ, t) = A(λ, t)/1.086 be the optical depth in-
duced by dust extinction from an intervening cloud be-
tween the GRB and an observer which is measured at
time t since the burst. The specific luminosity of GRB
afterglows observed at time t on the Earth is given by
Lλ(t) = Lλ(0)e
−τ(λ,t), (18)
where Lλ(0) is the intrinsic specific luminosity given by
Equation (1) and (2).
For our calculations, we assume that the intervening
cloud has a visual extinction of AV = 2 mag at t = 0 s,
which corresponds a total gas column density of NH =
3.14 × 1021 cm−2. The choice of AV = 2 is intended to
reflect a dusty environment surrounding GRBs. For the
given NH, one can calculate τ(λ) using A(λ, t) calculated
in Section (3.2), and the observed luminosity Lλ(t) is
calculated via Equation (18).
Figure 12 shows the time-variation of the observed
light curve from FUV to R bands after entering a dust
cloud at 15 pc, 25 pc, and 35 pc, with (solid line) and
without (dashed line) grain disruption.3
One can see that after the disruption time of tdisr = 13
s for clouds at d = 15 pc, GRB afterglows suddenly
become ’re-brightening’ up to ∼ 3 times in the visible-
NIR bands compared with no grain disruption case. The
3 For a dust cloud of thickness 1 pc, the volume density is nH =
NH/1pc ∼ 103 cm−3, i.e., the cloud is dense.
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Figure 12. Time-dependence of the specific luminosity
Lλ(t) from FUV to NIR band for a dust cloud located at 15
pc, 25 pc, and 35 pc with (solid line) and without (dashed
line) RATD. The optical extinction AV = 2 mag at t = 0 s
is adopted to calculate the column density NH. GRB after-
glows appear brighter in the visible band and dimmer in the
FUV-NUV bands when large grains are destroyed by RATD.
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reason is that the reduction of the visible-NIR extinc-
tion will let more light escape from dust, resulted in
the increase of visible-NIR luminosity. In contrast, the
increase of the UV extinction will block more short-
wavelength photons, that makes GRB afterglows be-
come ’dimmer’ from 3-5 times in the FUV-NUV band
compared with the case of no dust disruption (Figure
12, upper panel).
When the cloud distance increases, these features will
happen later and exhibit the smaller amplitude than
ones given by nearby clouds (Figure 12, central and
lower panel). Besides, at nearby clouds, i.e., d ≤ 15 pc,
the luminosity in FUV and MUV bands can increase
slightly after a long time compared with before (∼ 100
s) due to the disruption of small grains, while it does
not happen with distant clouds, i.e., d = 25 pc ad 35
pc. In addition, one may not obtain any change in the
observed light curve if clouds locate very far from GRB
afterglows, where RATD can not destroy grains effec-
tively, i.e., d > 40 pc
6. DISCUSSION
6.1. Comparison of RATD to thermal sublimation and
Coulomb explosion
GRBs are expected to explode in a dusty region (Mor-
gan et al. 2014), such that intense radiation field from
GRBs can have important effects on the surrounding en-
vironment. This in turn affects the observed light curves
and color of GRB afterglows. Therefore, dust destruc-
tion by GRBs was studied extensively in literature.
Waxman & Draine (2000) first studied sublimation
of dust grains by prompt optical-UV emission of GRBs
and found that dust grains up to ∼ 10 pc can be com-
pletely evaporated. Later, Fruchter et al. (2001) stud-
ied dust destruction caused by X-ray irradiation and
found that grains can be disrupted by X-ray heating and
charging (i.e., Coulomb explosions) to distances of ∼ 10
and ∼ 100 pc, respectively. The effective timescales
of both sublimation and Coulomb explosions is short,
t . 10 − 100 s, after the start of the burst. How-
ever, the issue of photoelectric yield by X-ray charg-
ing is not studied in detail in Fruchter et al. (2001).
As shown in Hoang et al. 2015b, the yield for large
grains of a ∼ 1µm is one order of magnitude lower than
that of a ∼ 0.001µm. Thus, similar to grain sublima-
tion, Coulomb explosions are more efficient for small
grains because those grains have higher photoelectric
yield and a lower critical charge for explosions (Hoang
et al. 2015b).
In this paper, we study rotational disruption of dust
induced by irradiation of optical-UV GRB afterglows
using the Radiative Torque Disruption (RATD) mecha-
nism. We find that grains can be disrupted up to dis-
tances of about 40 pc, on a timescale up to days, much
longer than sublimation and Coulomb explosions which
rely on the prompt emission phase. The disruption time
depends on grain sizes, the maximum tensile strength,
and the distance to the source (see Figures 1 and 2).
One of the key differences between RATD and ther-
mal sublimation and Coulomb explosions is that RATD
increases the abundance of small and very small grains
relative to large ones, keeping the total dust mass con-
stant. As a result, optical-NIR extinction decreases, but
UV extinction increases with time (see Figure 4). On the
other hand, sublimation is more efficient for small grains
and transforms dust to gas, such that dust extinction
at all wavelengths and color excess decrease with time
(Perna & Lazzati 2002; Perna et al. 2003).
Both thermal sublimation and Coulomb explosions by
X-rays can significantly change dust properties during
the prompt emission phase of GRBs of t . 10−100 s af-
ter the burst. As a result, very early phase observations
are required to test time-variation of dust extinction and
polarization by these mechanisms (Perna et al. 2003). In
contrast, RATD relies on optical GRB afterglows that
lasts on longer timescales of days. Therefore, observa-
tional testing of RATD appears to be much easier.
6.2. Predictions of Observational Properties for GRB
afterglows induced by RAT alignment and RATD
Below we summarize four main predictions for obser-
vational properties of GRB afterglows induced by an in-
tervening dust cloud when the effects of grain alignment
and disruption by intense GRB afterglows are taken into
account.
6.2.1. Prediction 1: RATD decreases Optical-NIR
Extinction and RV over time
In Section 3.2, we have shown that RATD can de-
stroy large grains around GRB afterglows up to 40 pc
for an optically thin environment. The depletion of large
grains by RATD decreases the optical-NIR extinction
but increases the UV extinction. Moreover, we predict
that the values of RV gradually decrease from the stan-
dard value of RV = 3.1 to RV ∼ 1 in the presence of
RATD. Therefore, the extinction curves toward GRB
afterglows that have a dust cloud nearby would be dif-
ferent from the standard Milky Way (MW) extinction
curve, which exhibits a steep far-UV rise due to high
abundance of small grains (see Figure 4).
6.2.2. Prediction 2: RATD increases and then decreases
the color excess of GRB afterglows
Our theoretical results from Figure 6 predict that the
color excess E(B − V ) changes with time. It first in-
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creases rapidly and then decreases with time after the
peak. The peak of E(B − V ) depends on the cloud dis-
tance and grain properties.
6.2.3. Prediction 3: RATD increases and then decreases
Optical-NIR polarization
Subject to an intense radiation of GRB afterglows,
dust polarization first rises quickly due to enhanced
alignment of small grains by RATs. At the same time,
the peak wavelength λmax shifts to smaller wavelengths.
This process continues from talign to tdisr. When RATD
begins, the optical-NIR polarization decreases substan-
tially due to the depletion of large grains, whereas UV
polarization increases due to the increased abundance
of small grains (see Figure 9). The exact values of talign
and tdisr depend on the radiation field, dust properties,
and distance of dust clouds to the source.
6.2.4. Prediction 4: RATD produces an optical-NIR
re-brightening of GRB afterglows
Due to the decrease of optical-NIR extinction, the ob-
served flux of GRB afterglows in optical-NIR bands is
spontaneously increased after disruption time (see Fig-
ure 12). The RATD effect induces the re-brightening in
optical-NIR bands, which occurs at disruption time tdisr.
The re-brightening time depends on the cloud distance
to the source and dust properties (e.g., tensile strength)
as shown in Figure 1).
6.3. Comparison of observed properties of GRB
afterglows with model predictions
First, observations of GRB 120119A by Morgan et al.
(2014) show a decrease of visual extinction from AV ∼
1.55 at t ∼ 10 s to AV ∼ 1.1 at t ∼ 100 s after the
burst, corresponding to a decrease of 30% over a period
of 10-100 s. Such a rate of the decrease is several times
larger than theoretical predictions for the t ∼ 10−100 s
period using dust sublimation induced by prompt emis-
sion because sublimation is most efficient for t < 10 s
(see Fig. 5 in Perna et al. 2003). However, this fast
decrease in AV is consistent with our first prediction
(see e.g., Figure 4). Moreover, photometric observa-
tions of GRB afterglows show that a SMC-like extinc-
tion curve with a steep far-UV rise is preferred for GRBs
(Schady et al. 2012; Schady 2017 for a review; Heintz et
al. 2017). Bolmer et al. (2018) also found that the ex-
tinction toward GRBs at redshifts z > 4 are best-fitted
with a SMC-like extinction curve. In particular, previ-
ous studies (e.g., Zafar et al. 2018; Zafar et al. 2019)
show that the majority of light of sight toward GRB
afterglows have lower values of RV < 3.1 (see Table 2
in Zafar et al. 2018). The observed features mentioned
above require an increased abundance of small grains
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Figure 13. Time-variation of optical polarization of GRB
afterglows (see Covino & Gotz 2016 for details) compared
with our theoretical model in the R band, assuming a dust
cloud at 15 pc and tensile strength Smax = 10
8 erg cm−3.
The original polarization degree in the R band P (t = 0) is
varied to fit the observational data.
from the standard interstellar dust model (e.g., Schady
et al. 2010). The conversion of large grains into smaller
ones via RATD is the plausible mechanism to explain
this feature (i.e., our first prediction).
Second, photometric observations of GRB afterglows
usually show a significant red-to-blue colour change after
the trigger (see e.g., Nardini et al. 2014), which is partly
suggested to be a result of photodestruction of surround-
ing grains (Morgan et al. 2014). However, the popular
mechanisms of dust destruction cannot support this sce-
nario due to the inconsistency between its timescale and
the observed time. For example, Morgan et al. (2014)
reported a significant red-to-blue color during 200 s af-
ter the burst toward GRB 120119A, and similar effect is
reported by Perley et al. (2010) for GRB 061126, which
are longer than predicted by previous dust destruction
mechanisms. The observed feature is however consis-
tent with our second prediction by RATD. As shown in
Figure 6, our model of the time-variation of color excess
E(B − V ) for Smax = 108 erg cm−3 and d = 15 ∼ 20 pc
can reproduce well their observational timescale.
Third, polarimetric observations usually report time-
variability of optical polarization of GRB afterglows on
a timescale of hundred seconds to days (see Covino &
Gotz 2016 for a review). Such a long timescale variabil-
ity is difficult to reconcile with thermal sublimation by
prompt emission, but consistent with our third predic-
tion. Indeed, in Figure 13, we compare the optical po-
larization observed toward various GRBs with our the-
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oretical models. For GRB 020813 (star symbols), Barth
et al. (2003) showed that the optical polarization degree
of decreases from 2.4 − 1.8% during 4.7 − 7.9 hr, and
subsequent observations after two days by Covino et al.
(2003a) give a much lower level of p = 0.8± 0.16% with
the stable polarization angle. This data are in good
agreement with our model, where the original polar-
ization of dust is P (V, t = 0) = 7.5%. Similarly, for
GRB 990712 (triangle symbols), Rol et al. (2000) also
report the variation of optical polarization degree from
2.9 ± 0.4% after 0.44 day to 1.2 ± 0.4% after 0.7 day
and 2.2±0.7% after 1.45 days after the burst. For GRB
021004, Covino & Gotz (2016) shows the optical band
decreasing from 1.88 − 0.71% within one day. Further-
more, Covino et al. (2003) find a steep decrease in the
polarization degree of GRB 030329, from 0.9± 0.1% in
the blue light to 0.5 ± 0.1% in the red light after 3.6 h
after the explosion.
6.4. Origins of optical re-brightening of GRB
afterglows
Late-time observations of GRB afterglows frequently
report a re-brightening in their optical-NIR light curves.
For instance, Klotz et al. (2005) detected a re-
brightening at about 33 min from the GRB 050515a
afterglow. Using the data from Gamma-Ray burst
Optical Near-infrared Detector (GROND) on board of
SWIFT satellite, Nardini el al. (2011) found a fast op-
tical re-brightening of GRB 081029 around 0.8 hr af-
ter the burst, and Greiner et al. (2013) detected a
re-brightening for GRB 100621A at 1 hr. Moreover,
Nardini et al. (2014) found the re-brightening of GRB
100814A after 0.3 days, and Kann et al. (2018) found the
re-brightening of GRB 111209A at 0.8 days. Recently,
de Ugarte Postigo et al. (2018) found a rapid optical
re-brightening at 2.4 hr from GRB 100418A.
The nature of such an optical re-brightening is un-
clear. Several processes were proposed to explain this
feature, including intrinsic processes related to the cen-
tral engine, external shocks, and dust extinction effect
(see Nardini et al. 2014 for details). To study whether
our models can reproduce the optical re-brightening, in
Figure 14, we plot the light curves of four GRB after-
glows with an optical re-brightening (de Ugarte Postigo
et al. 2018) and compare with our theoretical predic-
tions with two model parameters (Smax and t0). Our
models for a dust cloud of original visual extinction
AV (t = 0) = 3 can indeed reproduce the timing of op-
tical re-brightening, although the models yield a lower
amplitude of the re-brightening than observations. In-
creasing the original extinction AV (t = 0) can increase
the re-brightening amplitude and better fits the obser-
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Figure 14. Comparison of our predicted light curves with
the observed light curves in R band for GRB afterglows with
a prominent optical re-brightening (see de Ugarte Postigo et
al. 2018 for GRB data), assuming a dust cloud of AV (t =
0) = 3 at 15 pc from the source and different model pa-
rameters (Smax, t0)). The optical re-brightening time can be
reproduced by the theoretical models.
vational data. Note that the contribution of other mech-
anisms (e.g., central engine and external shocks) cannot
be ruled out as a cause of the optical re-brightening.
6.5. Effect of light attennuation by intervening dust on
RATD
So far, we have considered grain rotational disruption
by GRB afterglows by disregarding the effect of inter-
vening dust. In this case, RATD can disrupt grains up to
40 pc just after about one day. In realistic situations, in-
tervening grains will attenuate the GRB radiation field,
which will reduce the efficiency of RATD.
We assume that the GRB afterglow emits from the
center of a dusty bubble that has a central cavity of
radius 10 pc, which is presumably cleared out by sub-
limation (Waxman & Draine 2000) or Coulomb explo-
sions (Fruchter et al. 2001) during the prompt emission.
To calculate the grain disruption size in the presence
of dust reddening, we divide the intervening cloud into
slabs of the same thickness ∆d and assume that grains
in slice n are disrupted to the same value of adisr,n. Let
τn = A(λ, n)/1.086 be the optical depth induced by dust
grains in the nth slice (see Equation 9). The radiation
energy density urad,n at slice n is given by
urad,n =
Lbol × e−τn
4picd2
, (19)
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where τn is the total effective optical depth given by
grains from d = 10 pc to the slice n, which is equal to:
τn =
n−1∑
i=0
τi, (20)
with τi being the effective optical depth at slice i defined
as e−τi =
∫ 13.6eV
1eV
uλ,ie
−τλ,idλ/urad,i (Hoang et al. 2019).
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As shown in Figure 1 (lower panel), the active region
of RATD after one day is determined by dmax,RATD ∼
40 pc for Smax = 10
7 erg cm−3 and the peak time
t0 = 10 s. It corresponds to the radiation energy den-
sity urad,min = Lbole
−τ/(4picd2) ∼ 1.84×10−3 erg cm−3.
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Figure 16. Time-variation of the optical extinction AV and
the optical polarization degree PV given by grains considered
in Figure 15, assuming Smax = 10
7 erg cm−3 and Tgas = 100
K.
Therefore, we use this value as the lower limit of the
radiation strength U that RATD can disrupt the maxi-
mum grain size of 0.25µm. Besides, we assume that all
slices have the same value of the effective optical depth
τ . Then, the new value of dmax,RATD from GRB af-
terglows in the presence of the dust reddening can be
estimated by:
dmax,RATD = 10pc +N∆d,
where N is the number of slice as determined by:
urad,min = 1.84× 10−3 ≡ Lbole
−Nτ
4pic(10 +N∆d)2
. (21)
The radiation energy density is reduced significantly
when the gas column density NH increases, reducing the
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active region of RATD. For instance, with ∆d = 0.2 pc,
we find that N ∼ 105 corresponds with dmax,RATD = 30
pc for nH = 10 cm
−3, but N will reduce to 35 that gives
dmax,RATD = 17 pc for nH = 100 cm
−3.
Figure 15 (upper panel) shows the grain disruption
size as a function of cloud distances with and without
radiation attenuation after one day, assuming Smax =
107 erg cm−3 and t0 = 10 s and different gas density nH.
One can see that the active region of RATD decrease
continuously from 40 pc to 35 pc and then to 15 pc when
the gas density increases from nH  1 (no disruption
case) to nH = 1, 10 cm
−3 and 100 cm−3, respectively.
Figure 15 (lower panel) shows the time-variation of the
grain disruption size in the presence of dust attenuation
in a cloud at 15 pc, assuming the same parameters as
in the upper panel. The attenuation of radiation field
by intervening dust causes the delay of grain disruption,
but the effect is only significant for nH & 50 cm−3.
Figure 16 shows the time variability of the optical ex-
tinction (upper panel) and optical polarization (lower
panel), assuming a cloud at d = 15 pc. The effect of ra-
diation attenuation is marginal for low density of nH .
10 cm−3 and becomes significant for nH & 50 cm−3.
6.6. Effect of multiple clouds toward individual GRBs
Our modeling results in Figure 4 show that the ex-
tinction curve becomes much steeper over time due to
grain disruption. The parameterRV decreases with time
accordingly (Figure 7). The small RV values can repro-
duce the steep far-UV rise extinction curves observed
toward individual GRB afterglows (Schady et al. 2012).
However, our present results are obtained for a single-
cloud model. In realistic situations, there may be more
than one cloud along the line of sight toward a GRB af-
terglow. The effect of multiple clouds would not change
the disruption time because it is only determined by the
first cloud. However, it will change the amplitude of the
variation in dust extinction and polarization.
Let NH be the total hydrogen column density along a
line of sight toward a GRB afterglow. Let fH = N
D
H /NH
with NDH being the hydrogen column density of the ac-
tive region of RATD. The total extinction is given by:
A(λ) =A(λ)D +A(λ)ND
=NDH
(
A(λ)
NH
)
D
+NNDH
(
A(λ)
NH
)
ND
=NH
[
fH
(
A(λ)
NH
)
D
+ (1− fH)
(
A(λ)
NH
)
ND
]
,(22)
where D and ND stand for disruption and no-disruption
region. This corresponds to:
A(λ)
NH
=
[
fH
(
A(λ)
NH
)
D
+ (1− fH)
(
A(λ)
NH
)
ND
]
.(23)
Since (A(λ)/NH)D,ND only depends on dust content
of the cloud, the observed total extinction per H and RV
are determined by the parameter fH, i.e., the amount of
dust in the closest cloud. Therefore, the observed value
RV would be larger than predicted by a single cloud
model in Figure 7 for fH < 1.
One can obtain a similar relationship for dust polar-
ization as follows:
P (λ)
NH
=
[
fH
(
P (λ)
NH
)
D
+ (1− fH)
(
P (λ)
NH
)
ND
]
. (24)
Using detailed modeling of the extinction and polar-
ization curves with observational data, we can constrain
the distribution of matter along the line of sight toward
GRB afterglows. This would shed light on the progeni-
tors of GRBs.
6.7. Origins of dark GRBs and microwave emission
Extinction by intervening dust grains is a popular ex-
planation for ”dark” optical GRBs. In light of our study,
we predict that some optical GRBs may be dark in the
beginning but will become visible due to the decrease of
optical/NIR extinction as a result of RATD. The time-
variation monitoring of optical GRB afterglows would
be useful to test this scenario. Moreover, we expect that
intervening dust clouds should be far away from ”dark”
GRBs such that intense GRB afterglows cannot disrupt
a considerable amount of dust via RATD (e.g., d > 40
pc).
If GRBs are indeed located in a dusty star-forming
region, then, within 40 pc from GRBs, the environment
is likely dominated by very small grains (VSGs) due to
the RATD effect. Such tiny grains would produce signif-
icant microwave emission between 10-100 GHz via spin-
ning dust mechanism (Draine & Lazarian 1998; Hoang
et al. 2010; Hoang et al. 2011 Hoang & Lazarian 2016).
Therefore, radio and microwave observations beyond a
timescale of days would be useful to test RATD, shed-
ding light on the origin of dark GRBs. An unsuccessful
detection of spinning dust emission toward dark GRBs
implies that dust clouds are very far from the source.
7. SUMMARY
We studied the rotational disruption of dust grains
in the local environments of GRB afterglows using the
Radiative Torque Disruption (RATD) mechanism and
model extinction and polarization of GRB afterglows.
Our main findings are summarized as follows:
1. For an optically thin medium, we show that large
dust grains can be disrupted into smaller ones
within one day up to 40 pc due to RATD. While
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thermal sublimation and Coulomb explosions only
occur during the prompt phase of 10 s, RATD can
disrupt grains by GRB afterglows at t > 10 s.
2. We calculate the time-varying dust extinction of
GRB afterglows in the presence of RATD. We find
that the optical-NIR extinction decreases, whereas
the UV and FUV extinction increases gradually
until a day after the burst due to the enhance-
ment of small grains by RATD. It causes the time-
variability of color excess E(B − V ).
3. We model the polarization of GRB afterglows due
to differential extinction by aligned grains. We
show that the polarization first increases with time
due to enhanced alignment by strong radiation
fields and continues to change slowly when the
grain disruption begins.
4. We compare our theoretical predictions with ob-
servational properties of GRB afterglows. We find
that our predictions are in general supported by
observations, including SMC-like extinction curves
and low values of RV of GRB afterglows. Grain
disruption by RATD can partly reproduces the
optical re-brightening of GRB afterglows at late
times.
5. Rotational disruption of large grains by GRB af-
terglows increases the abundance of very small
grains in the local environment around GRBs. We
suggest observing microwave emission from spin-
ning dust toward GRB afterglows as new way to
test RATD and the origin of dark GRBs.
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